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A review of optimal ECG data representation is motivated by spreading networks of 
home care monitoring, emerging as a valuable tool for interactive monitoring in home 
care. Most of currently available devices use full disclosure signal transmission what rises 
the cost of monitoring or alert message transmission relying on the interpretation 
intelligence built in a wearable recorder. Our approach consists in the automatic on-line 
record evaluation aiming at extracting the local density of medical information followed 
by re-sampling of gathered data stream to a non-uniform representation. The correlation 
of medical data distribution with ECG waves was confirmed in the study of scanpath 
density function in context of detected wave borders. For the implementation of ECG-
dedicated data optimization algorithm we apply continuous non-uniform sampling 
providing best compromise of data density and quality. For the CSE signals the average 
compression ratio was 3,01 and the distortion level within QRS was 0,22% (3,3 µV).  

1. Introduction  

The question of optimal data representation was for several years not 
investigated because of dramatic drop of storage media allowing recently to 
archive weeks of ECG recording in a postmark-size silicon slice. Nevertheless, a 
review of optimal ECG data representation is stimulated by the spreading 
networks of home care monitoring [1][2]. Such networks using wireless 
communication channels for an ubiquitous monitoring of vital parameters have 
several advantages over the traditional long-term recording systems:  

• The recording resources can be managed remotely by the experienced staff 
or automatically in context of previous results,  

• The results are accessible without delay, so an effective rescue action may 
be performed immediately minimizing the risk of severe heart failures.  

Unfortunately, the prevalence of cardiomonitors commercialized today send the 
unprocessed digital representation of the ECG, limiting it's quality to the 
communication channel throughput and rising the transmission costs. On the 
other hand, the medical interpretation of signal in remote device is not reliable, 
due to the resources limitation and poor adaptability to recording conditions.  

                                                           
* This work is supported by AGH University of Science and Technology under 

grant no. 10.10.120.39. 



 2

The alternative approach proposed in this paper assumes the automatic on-
line evaluation of the record in order to extract the local density of medical 
information followed by the resampling of gathered data stream to a non-
uniform representation.  

The investigation of the medical data distribution in the electrocardiogram 
was done with use of two different methods:  

• by assessment of medical result vulnerability to the local data distortion [3]  
• by analysis of the expert's scanpaths during the interpretation [4] (fig. 1).  
Both methods lead to the conclusion that the medical information is unevenly 
distributed in the signal and its density can be expressed as a local bandwidth 
correlating with automatically detected waves start- and endpoints [5], [6]. 
Therefore, the non-uniform representation of the ECG allows to economize 
samples in the less important signal parts while the principal diagnostic features 
remains well represented. The local sampling frequency is not based on the 
signal energy and consequently neglecting the important nuances of signal is no 
longer a drawback as it was in a typical compression algorithm. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Example of the eyeglobe trajectory over a 12-lead ECG plot. The corresponding bar graph 
below displays the attention density. This is an expert scanpath (left eye) over the CSE-Mo001 file. 

2. Methods 

In the investigations we considered Variable Depth Decimation (VDD) and 
Continuous Non-Uniform Sampling (CNU) as software resampling methods and 
a direct irregular sampling performed by the recording hardware [7]. The CNU 
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was selected for the final application thanks to the lack of border effect 
oscillations resulting in incorrect wave's length estimation [8].  

The CNU involves two independent processes controlled by the adapted 
importance function: adjustment of the anti-alias filter's cut-off frequency and 
calculation of the local sampling intervals. Both of them return quantization-free 
values in the continuous range from the minimum to the maximum. The 
transformation begins with the computation of time points corresponding to 
irregular positions of samples. These positions depend on the local distribution 
of medical data. Next, the continuous ECG signal is simulated from regularly 
spaced samples with use of cubic spline interpolation. Finally, for each 
irregularly spaced sample the optimized representation value is determined and 
memorized in the output data stream (fig. 2) [9][10][11]. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2. Comparing the heart beat in the regular and in the variable sampling rate signals  

3. Results 

The CNU method is the best trade-off between the data representation 
efficiency, medical information fidelity and implementation complexity. Table 1 
displays the results of numerical tests performed with use of CSE Multilead 
database. It is worth a remark that the IEC-60601-2-51 standard allows 5µV 
quantization error within the "protected area" (i.e. QRS complex). 
 
Table 1. Results of non-uniform sampling – average compression ratio (CR) and differences (PRD) 

CR 3.01 
global 3.11 (46.6) 
within P-wave borders 0.16 (2.4) 
within QRS-complex borders 0.22 (3.3) 
within T-wave borders 0.37 (5.6) 

PRD  
[% (µV)] 

out of waves 1.11 (16.6) 
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4. Conclusion  

With use of Non-Uniform Discrete ECG Representation the average costs of 
remote patient monitoring are expected to be reduced three times. Since the 
ECG representation is Optimized for Medical Data Fidelity, signal contains all 
the features required for remote diagnostics.  

The additional advantage of the non-uniform representation is the 
adaptability of  the description of local signal importance to the diagnostic 
goals. The sampling interval can be adjusted manually or automatically 
accordingly to the requirements of the performed test. 

References 

1. F. Gouaux, et al. Ambient Intelligence and Pervasive Systems for the 
Monitoring of Citizens at Cardiac Risk: New Solutions from the EPI-
MEDICS Project CinC 29, 289-292 (2002). 

2. N. Maglaveras, et al. Using Contact Centers in Telemanagement and Home 
Care of Congestive Heart Failure Patients: The CHS Experience CinC 29, 
281-284 (2002). 

3. P. Augustyniak, Pursuit of the ECG Information Density by Data 
Cancelling in Time-Frequency Domain, IFMBE Proc. 2, 152-153 (2002). 

4. P. Augustyniak, How a Human Perceives the Electrocardiogram CinC 30, 
601-604 (2002). 

5. P. Augustyniak, R. Tadeusiewicz The Bandwidth Variability of a Typical 
Electrocardiogram Med. & Biol. Eng. & Comp. 37, sup.2, 394-395 (1999). 

6. P. Augustyniak ECG Sampling Rate Controlled by Signal Contents, IFMBE 
Proc. 2, 154-155 (2002). 

7.  P. Augustyniak, A. Wrześniowski, ECG recorder sampling at the variable 
rate. Symbiosis 6, 128-135, (2001) 

8.  P. Augustyniak Adaptive Discrete ECG Representation - Comparing 
Variable Depth Decimation and Continuous Non-Uniform Sampling, CinC, 
29, 165-168, (2002). 

9. A. Aldroubi, HG. Feichtinger, Exact iterative reconstruction algorithm for 
multivariate irregularly sampled functions in spline-like spaces: the Lp 
theory. Proc. Amer. Math. Soc.126(9), 2677-2686 (1998). 

10. A. Aldroubi, Non-uniform weighted average sampling and exact 
reconstruction in shift-invariant spaces, Preprint, (2001). 

11. HG.  Feichtinger, K. Grochenig, Theory and practice of irregular sampling. 
In: JJ. Benedetto MW. Frazier eds. Wavelets-Mathematics and 
Applications. Boca Raton, Florida, CRC, 305-363 (1993) 

 
 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /ENU (Use these settings to create PDF documents with higher image resolution for high quality pre-press printing. The PDF documents can be opened with Acrobat and Reader 5.0 and later. These settings require font embedding.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


